We have investigated two-photon-induced photoluminescence ͑PL͒ properties of single gold nanoplates by using an apertured scanning near-field optical microscope. The nanoplates show PL much stronger than nanorods. The near-field PL images show characteristic spatial features, which depend on the incident polarization. These PL images are in good agreement with the calculated spatial distribution of the electric fields adjacent to the particles at the excitation wavelength. We attribute the observed images to spatial characteristics of plasmon modes. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2161568͔ Nanoscale noble metal particles are of great interest because of their unique optical properties. Synthesis of the nanoparticles with controlled size and shape is crucial to investigate the relationship between the shape of an individual particle and its plasmon resonant frequency. Recent progress in the controlled synthesis enables to clarify their shapedependent properties.
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1 Optical properties of photoluminescence ͑PL͒ from gold nanorods with various aspect ratios were studied, and the importance of shape-dependent electric field enhancements for emitted photon fields were elucidated. 2 Recently, we reported two-photon-induced PL ͑TPI-PL͒ from single gold nanorods. 3, 4 Gold nanoparticles are highly photostable against the near-infrared irradiation so that the TPI-PL from gold nanoparticles is not quenched by light in contrast to organic dyes. In addition, most of biological samples are transparent for the near-infrared photons, and thus the laser irradiation does not degrade the samples. Furthermore, gold nanoparticles are inactive in biological systems. TPI-PL from gold nanoparticles is hence expected to give a promising tool for bioimaging. For in vivo imaging, high TPI-PL efficiencies are indispensable. Enhancement of TPI-PL may be possible by the "lightning rod effect" 2 near the sharp edge of the nanoparticles as well as by the plasmon-mode resonances. 4 In order to gain a highly efficient probe using the TPI-PL, knowledge about not only the lightning rod effect but also the resonant plasmon modes is indispensable. Such knowledge is also essential in designing effective substrates and tips for surface enhanced Raman scattering.
Gold nanoplates are expected to give efficient enhancement in the TPI-PL, since the nanoplates exhibit several plasmon resonances depending on the particle size and shape in the visible to near-infrared region, 5 in addition to the lightning rod effect near the ridges and apexes. We study here TPI-PL images and spectra of the gold nanoplates by near-field microscopy and electromagnetic field calculations to elucidate the dominant factor for the intensity enhancement in the TPI-PL. The results reveal the spatial characteristics of electric field distribution near the particle, and give some guidelines for enhancing the TPI-PL.
Gold nanoplates were prepared chemically in aqueous solutions by the seed-mediated method. 6 This method was originally established for the synthesis of gold nanorods, whereas nanoplates and nanospheres were also generated. To concentrate the nanoplates in the solution, the growth solution was centrifuged several times. The samples were spin coated onto cover slips.
A homemade scanning near-field optical microscope ͑SNOM͒ with gold-coated apertured optical fiber probe was operated under ambient condition. 4 The diameter of the probe aperture was approximately 100 nm. The shear-force feedback method was utilized to maintain the near-field tip in the vicinity of the sample surface, and its feedback signal was used to construct a topographic image. A mode-locked Ti:sapphire laser ͑ = 780-920 nm, Ͻ100 fs͒ was used as an excitation light source, and its output was coupled to the other end of the near-field fiber probe. The sample nanoparticles were illuminated through the aperture of the near-field probe. TPI-PL from the particles was collected by an objective lens beneath the sample substrate. A monochromator equipped with a charge-coupled device ͑CCD͒ detector was used for the PL spectral measurements, and an avalanche photodiode was used for the photon-counting imaging measurements. To investigate the incident polarization dependence on the images, the polarization of the excitation photons from the tip was controlled by a quarter-and a halfwave plate placed before the fiber coupler.
Figures 1͑a͒ and 1͑b͒ shows a scanning electron micrograph ͑SEM͒ and an atomic force microscope ͑AFM͒ image of the synthesized gold nanoparticles. Although shapes of the nanoplates are not uniform, their thicknesses ͑heights͒ are almost identical ͑18± 3 nm͒. A cross-sectional line profile of a single nanoplate in Fig. 1͑c͒ indicates that the bottom and top surfaces of the nanoplate are flat in sub-nanometer level. Figure 2͑a͒ shows a typical TPI-PL spectrum measured for a single gold nanoplate excited at a wavelength of 780 nm. One peak ͑ca. 660 nm͒ and one shoulder ͑ca. 550 nm͒ are clearly seen. These band positions are approximately the same as those for the nanorods, and are well correlated to the energy separations between the Fermi surface and the holes in the d band. 4 Thus, the PL mechanism for the nanoplates is considered to be essentially the same as that for the nanorods. Namely, a sequence of one-photon absorption processes creates a pair of an electron and a hole in the sp and d bands, respectively, and then photoluminescence is radiated when the electron near the Fermi surface recombine with the hole. 4 The two observed bands can be assigned to the transitions near the L and X symmetry points of the Brillouin zone. Figures 2͑b͒ and 2͑c͒ show a topography and a TPI-PL image of nanoplates and nanorods. It is to be noted that the nanoplates exhibit stronger TPI-PL than those from the nanorods. We measured more than 100 nanoplates including those with different shapes ͑circular disks, triangles, and so on͒. From these observations, the TPI-PL intensities from the plates are found to be about one or two orders of magnitudes higher than those observed for the nanorods. The high PL efficiency, together with the chemically inert character, suggests the high potentiality of gold nanoplates as a material for TPI-PL imaging. Figure 3͑a͒ shows a typical magnified topographic image of a single triangle taken by the SNOM apparatus. By considering the broadening effect by the probe tip, dimensions of triangle was estimated to be 160± 30 nmϫ 18± 5 nm ͑base lengthϫ thickness͒ while it is hard to know the exact shapes near the apex parts. From the observed SEM image in Fig. 1 , it is supposed that the plate in Fig. 3͑a͒ is not a perfect triangle but a snipped one. Figures 3͑b͒ and 3͑c͒ show polarization-dependent TPI-PL images of the single triangle. In these measurements, the incident fields were polarized along the directions of the arrows and the emitted photons ranging from 450 to 650 nm in wavelength were detected without specifying the polarization. These images show a strong dependence on the incident polarization, and indicate that the excitation probability of the TPI-PL is highly localized near the one of the apexes. The characteristic spatial distributions are ascribed to excitation field strengths near the triangle.
To obtain some indication on the origin of the near-field images and its relation to the plasmon modes, we analyzed the near-field electric field distribution near the sample on the basis of electromagnetic field calculations. Although in the experiment the triangle was illuminated by radiation through the near-field probe, in the calculation, for the simplicity, the sample was illuminated by a far-field radiation source, and the electric field distribution near the particle was evaluated. This idea is based on the reciprocity of near-field imaging. 7 The numerical scheme is similar to the reported ones. 8, 9 We considered a snipped gold triangle of dimension 162 nmϫ 18 nm ͑baseϫ thickness͒ with each tip snipped off for 18 nm as shown in Fig. 3͑d͒ . Incident light ͑wavelength 780 nm͒ was linearly polarized, and its spot size at the focal point was ca. 500 nm ͓full width at half maximum ͑FWHM͔͒. The distance between the observing position and the sample surface was 10 nm. The electric field was averaged over a circular area of 100-nm diameter for each calculated point.
Figures 3͑e͒ and 3͑f͒ show the calculated electric-field intensities, corresponding to the observations in Figs. 3͑b͒ and 3͑c͒, respectively. The calculated intensity distributions qualitatively reproduce the observed images. The agreements indicate that the near-field TPI-PL imaging probes the spatial characteristics of electric field distribution adjacent to the nanoparticles. It should be noticed that, in the calculation, both the electric-field enhancement and its spatial distributions were strongly dependent upon the excitation wavelength. The experimentally obtained wavelength dependence qualitatively agreed with that. This result indicates that the strong enhancement near the edge is not due to the lightning rod effect, but due to a plasmon-mode excitation. The lightning rod effect is basically determined by the geometrical shape and independent of the excitation wavelength. The observed features of the near-field TPI-PL images are, therefore, reflected by spatial characteristics of the resonant plasmon mode of the triangle. We previously obtained the similar results in the gold nanorods, where the observed images were attributed to the spatial characteristics of the plasmonmodes excited. 3, 4, 10 In conclusion, we found the remarkably large cross sections of TPI-PL from the gold nanoplates. It is one or two orders of magnitudes larger than those observed from the gold nanorods. The TPI-PL images of the gold triangles are strongly dependent on the incident polarization and wavelength. The observed polarization characteristics of the TPI-PL images are attributed to spatial characteristics of the resonant plasmon mode of the particle. We also found that the plasmon-mode excitation is the primary factor for enhancing the TPI-PL process. The result suggests that it would be possible to further improve the efficiency of TPI-PL by synthesizing the nanoparticles of controlled size and shape.
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